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ABSTRACT 

/ 
The theory f o r  propagation of small  amplitude e l ec t ro -  

magnetic waves i n  a cold,  homogeneous plasma including negat ive 

ions and immersed i n  a uniform, s t a t i c  magnetic f i e l d  i s  

developed. It i s  found t h a t  f o r  longi tudina l  propagation each 

negat ive ion  introduces a resonance a t  t h e  negative i n  gyro- 

frequency, a concentrat ion dependent cu to f f  frequency above the  

negat ive i o n  gyrofrequency, and possibly a crossover frequency 

depending on t h e  ion concentrations and charge t o  mass r a t i o s .  

A t  bo th  the  gyrofrequency and t h e  cu tof f  frequency t h e  group 

r e f r a c t i v e  index becomes i n f i n i t e .  Between these  two frequencies  

t h e r e  i s  a 'nose' frequency f o r  which the  group r e f r a c t i v e  index 

i s  a minimum. Examples a r e  given f o r  a t h E e  and f i v e  component 

plasma. 

Application of  t h i s  negative i o n  theory  i s  made t o  

propagation of negative ion  whis t le rs  i n  t h e  ionosphere. It 

i s  found t h a t  f o r  f requencies  near t h e  negat ive ion  gyrofrequencies 

the  WKB approximation is  v a l i d  above 300 KM during the  nighttime 

and 150 KM during t h e  daytime. Effects  of c o l l i s i o n s  can be 

neglected above 150 KM. 

observat ion of negative ion  whis t le rs  (1-1000 cps) . 
An i d e a l  experiment i s  proposed f o r  

Sample 



whis t l e r ,  frequency-time spectrograms l i k e  those which would 

be observed with such an experiment are sketched. From t h e  

d i s t i n c t i v e  frequencies  on these  sample spectrograms, it i s  

shown t h a t  t h e  negat ive ion specie  and concentrat ion can be 

determined using t h e  developed cold plasma expressions.  
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INTRODUCTION 

Recently it has been demonstrated t h a t  t he  e f f e c t s  of 

p o s i t i v e  ions on VLF electromagnetic waves propagating i n  the  

ionosphere can be used t o  determine p o s i t i v e  ion species ,  pos i -  

t i ve  ion  concentrat ion,  and pos i t i ve  ion temperature: S t i x  

[ 19621 gives expressions f o r  determining the  propagation 

c h a r a c t e r i s t i c  of  a plasma wi th  any number of p o s i t i v e  and 

negat ive ions ;  Smith and Brice E19641 developed t h e  t h e o r e t i c a l  

a spec t s  o f  propagation i n  a plasma wi th  more than one p o s i t i v e  

ion;  Gurnett ,  Shawhan, Brice, and Smith 119651 a l s o  developed 

the  theory  of  multicomponent plasmas with p a r t i c u l a r  app l i ca t ion  

t o  t h e  explanat ion of t h e  experimentally observed proton w h i s t l e r s  

( i on  cyclotron w h i s t l e r s  associated wi th  the  ex is tence  of  protons 

i n  t h e  ionosphere).  

a r e  repor ted  by Shawhan [1%61. 

w h i s t l e r s  observed wi th  the  In jun  3 and Alouette 1 s a t e l l i t e s  has 

produced measurements of t he  f r a c t i o n a l  proton concentrat ion 

Experimental observat ions of proton w h i s t l e r s  

Subsequent s ca l ing  of proton 

[Shawhan and Gurnett, 19661; t he  proton number dens i ty ,  t he  

e l e c t r o n  dens i ty ,  and t h e  proton gyrofrequency [Gurnett  and 

Shawhan, 19661 ; and the  proton temperature [Gurnett  and Brice,  

19661. 



. 
5 

This present  work i s  intended t o  determine what e f f e c t s  

might be observable with a rocket o r  s a t e l l i t e  ELF rece iver  i n  

t he  ionosphere due t o  negative ions and if these  negative ion 

w h i s t l e r s  can be used t o  i d e n t i f y  negative ion species ,  t h e i r  

concentrat ions,  and temperatures.  Consideration has been given 

previous ly  t o  t h e  e f f e c t s  o f  negative ions on wh i s t l e r  mode 

propagation by Smith [1%5], but he considered the  l imi ted  case 

of a cold plasma i n  which t h e  pos i t ive  and negative ions had 

the  same charge t o  mass r a t i o .  Teichmann [19651 t r e a t e d  the  

two component labora tory  plasma problems of a heavy pos i t i ve  

and heavy negative ion. I n  a very recent  paper Teichmann [19661 

has developed t h e  theory for  propagation i n  a cold c o l l i s i o n l e s s  

plasma with p o s i t i v e  and negative ions of d i f f e r e n t  charge t o  mass 

r a t i o .  CMA diagrams a re  calculated f o r  severa l  exampies. 

This paper i s  divided i n t o  two major p a r t s .  P a r t  1 develops 

the  theory  of negat ive ion e f f e c t s  on t h e  propagation of  e l e c t r o -  

magnetic waves i n  a cold, homogeneous plasma with a s t a t i c  uniform 

magnetic f i e l d .  This theory  i s  t r ea t ed  i n  d e t a i l  f o r  t h e  phase and 

group r e f r a c t i v e  ind ices  of a three component plasma (e-,  He , H ) 

f o r  f requencies  below the  e l ec t ron  gyrofrequency. 

t heo ry  i s  made t o  multi-component plasmas with a f i v e  component 

- +  

Extension of t he  
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plasma given as  an exampie. I n  Par t  2, app l i ca t ion  of t h l s  theory 

is  made t o  the  inhomogeneo:.;s, an iso t ropic  ionospheric plasma 

and t h e  r e s u l t a n t  negative ion wh i s t l e r s .  Consideration i s  given 

t o  t h e  v a l i d i t y  of t h e  WKB approximation, the  ex is tence  of  negative 

ions ,  and t h e  e f f e c t s  of c o l l i s i o n s .  F ina l ly  sample frequency-time 

spec t rogram are  sketched t c  i l l u s t r a t e  negatlve ion w h i s t l e r  t r a c e s  

and t h e  information about negative ions which can be obtained from 

them. 
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PART 1: Theory of C o l d  Plasma Propagation 
Including Negative Ions 

A .  Cold Plasma Expressions; Phase Refrac t ive  Index 

For t h e  model plasma from which we determine the  propaga- 

t i o n  c h a r a c t e r i s t i c s  of electromagneLic waves including the  

e f f e c t s  of negative ions we make the following assumptions: 

a )  

b )  

c )  

temperature i s  zero f o r  a l l  components 

plasma i s  homogeneous in space 

plasma i s  immersed i n  a uniform s t a t i c  magnetic f i e l d  

d)  c o l l i s i o n s  can be neglected 

e )  

With these  assumptions the  general  co ld  plasma expressions 

electromagnetic waves are of small amplitude. 

developed by S t i x  [1$2] a r e  appl icable .  This reference should 

be consul ted f o r  t he  d e t a i l e d  der iva t ion  of t hese  exqjressions 

and f o r  t h e i r  i n t e r p r e t a t i o n  beyond t h a t  given here .  

For any number of components i n  the plasma t h e  following 

expressions a r e  used t o  descr ibe  the propagation of small  

amplitude electromagnetic per turbat ions:  
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where 2 4n n k  zk e 

k n: = m 

- ek 'k 
m c  

k 'k - 

C speed of l i g h t  

ek Zk charge of k component including s ign  
th 

t,h 
mass of k component 

t h  
k 

k 

E! 

n number dens i ty  of k component 

S t i x  has shown t h a t  t h e  dispers ion r e l a t i o n s  f o r  propagation 

along t he  magnetic f i e l d  (0 = 0) are  given by 

r i g h t  c i r c u l a r l y  polar ized  wave 2 n = R  

l e f t  c i r c u l a r l y  polar ized  wave 2 n = L  

P = o  longi tudina l  plasma o s c i l l a t i o n s  
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and, f o r  propagation t ransverse  t o  the  

n2 = RL/S or  d inar  :f wave 

ex t raord inary  wa 2 
3 = p  

,. 

magnetic f i e l d  (e = 90") 

2 where n i s  the  square of t h e  phase r e f r a c t i v e  index. For a 

plasma with e l ec t rons ,  P i s  l a r g e  negative and therefore  t h e  

ex t raord inary  mode i s  not  considered f u r t h e r .  

From these  d ispers ion  r e l a t i o n s  t h e  p r i n c i p a l  resonances, 

c u t o f f s ,  and crossovers can be defined. The frequencies  f o r  

which n -t OJ are c a l l e d  the  p r i n c i p a l  resonances. A t  9 = 0 

these  resonances occur f o r  R 4 and L + a, t he  ion gyrofrequencies,  

and are the re fo re  c a l l e d  t h e  e l ec t ron  and negat ive ion cyc lo t ron  

resonances and the  p o s i t i v e  ion cyclotron resonances, r e spec t ive ly .  

A t  9 = 90" these  p r i n c i p d  resonances occur a t  f requencies  f o r  

which S = 0 and a r e  termed the  hybrid resonances.  P r inc ipa l  

c u t o f f s  occur whenever n -t 0. For long i tud ina l  and t r ansve r se  

propagat ion these  cu to f f s  occur a t  R = 0 and L = 0. I n  a homo- 

geneous plasma wi th  a s t a t i c  magnetic f i e l d  t h e  crossover 

f requencies  [Smith and Brice, 19641 f o r  which D = 0 ( n  = R = L )  

a r e  t h e  frequencies  f o r  which both the  r i g h t  and l e f t  c i r c u l a r l y  

2 

2 

2 



10 

polar ized  waves (€3 = 0) become l i n e a r l y  polar ized .  These cross-  

over frequencies can e x i s t  o n l y  i n  a plasma with more than one ion. 

I n  the  ionosphere with dens i ty  and magnetic f i e l d  grad ien ts ,  an 

upward propagating wave changes polar iza t ion  a s  t h e  wave passes 

through the  region where the  wave frequency i s  equal  t o  t h e  c ross -  

over frequency. This po la r i za t ion  change from r i g h t  t o  l e f t  

c i r c u l a r l y  polar ized  is the  key t o  t h e  explanat ion of t he  proton 

w h i s t l e r  [Gurnett  e t  a l . ,  19651. 

Further i n s igh t  i n t o  the  meaning of t hese  p r i n c i p a l  resonances, 

cu to f f s ,  and crossovers  i s  obtained with the  use of a s p e c i f i c  model. 

We now spec ia l i ze  the  equations (1) t o  ( 5 )  t o  t h e  case of a t h r e e  

component plasma. For ease of computation t h e  following dimensionless 

parameters a r e  defined: 
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where R+ i s  t h e  p o s i t i v e  ion gyrofrequency, n 

number dens i ty  of negative ions and e l ec t rons ,  respec t ive ly ,  

and mJe+,  m /e , and ml/el a r e  the  mass t o  charge r a t i o s  of 

t h e  p o s i t i v e  ion,  t h e  negative ion and protons,  respec t ive ly .  

Because of l o c a l  charge n e u t r a l i t y  (n+ = n 

r e l a t i v e  concentrat ion of  p o s i t i v e  ions t o  e l ec t rons  i s  1 + 8 .  

Using these  dimensionless parameters, equations (1) t o  

and n a r e  t h e  e - 

- -  

+ n_>, the  e 

(5) become 

(9) 
3 



Neglecting the  1's on the  right-hand siLLzs of (8) and (9) and 

assuming t h a t  t he  p o s i t i v e  ion  i s  hydrogen (g, = l), we can 

so lve  t h e  above equations f o r  t h e  c r i t i c a l  f requencies  f o r  any 

given negat ive ion: 

R = m :  A = 1836 e l ec t ron  gyrofrequency 

A = l / g  - negative icm gyrofrequency (13) 

R = O :  A = ( lV+g-B)/g-  R wave cu to f f  (14 1 

L = O D :  A = l  hydrogen ion  gyrofrequency (15) 

L = O :  doesn ' t  e x i s t  f o r  one p o s i t i v e  ion  

ion-ion hybrid resonance frequency 

(dropping the 1 i n  equat ion (10)) (16) 

lower hybrid resonance frequency 

(keeping the 1 i n  equat ion (10)) 

crossover  frequency 2 2 D = O :  

(17) , 



For graphing purposes we assume t h a t  Il = R which i s  a e e 

good approximation f o r  t he  ionosphere, and t h a t  t he  negative ion 

has g 

i t s  ground s t a t e ) .  

n 

ion  f r a c t i o n a l  concentrat ion.  A l s o  shown a r e  t h e  appropriate  

phase v e l o c i t y  surfaces  f o r  t h e  frequency range between each of 

t he  c r i t i c a l  f requencies .  A phase ve loc i ty  sur face  i s  the  p l o t  

of phase v e l o c i t y  vs angle from the  magnetic f i e l d  d i r e c t i o n  

(which is  v e r t i c a l  i n  Figures 1 and 2 ) .  

i n d i c a t e  the  branch of n 

and which i s  l e f t  (L! a t  8 = 3. S t i x  [19621 should be consulted f o r  

t he  d e t a i l e d  t r a n s i t i o n  proper t ies  o f  these  sur faces  between 

frequency i n t e r v a l s .  

- 
= 4 b h i c h  is  He although it i s  not  observed t o  e x i s t  i n  - 

2 
Figure 1 and Figure 2 show p l o t s  of n = R, 

2 
= L, and n2 = RL/S f o r  two d i f f e r e n t  values of @, the  negative 

The p lus  o r  minus s igns  

2 
which i s  r i g h t  c i r c u l a r l y  polar ized  (R) 

2 
A It can be shown a t  zero frequency, A = 0, t h a t  R = L = n 

where n i s  the  Alf&n phase r e f r a c t i v e  index f o r  longi tudina l  

propagat ion.  With increas ing  frequency i n  Figure 1 the  R wave 

reaches a resonance a t  A = 0.25 which i s  the  He gyrofrequency. 

For f requencies  between the  He- gyrofrequency and R = 0 a t  A = 0.375, 

the  R wave cannot propagate.  Above R = 0 the  L wave reaches a 

A 

- 



. 

resonance a t  A = 1 which i s  t h e  hydrogen ion  gyrofrequency and 

above the  H gyrofrequency the  L wave cannot propagate u n t i l  j u s t  
4- 

below t h e  e l e c t r o n  gyrofrequency. The R wave, however, can 

propagate f o r  a l l  f requencies  above R = 9 up t o  t h e  e l e c t r o n  gyro- 

frequency where a p r i n c i p a l  resonance occurs.  I n  Figure 2 

f3 = 0.05. The p r i n c i p a l  resonances occur aga in  a t  the  gyrofrequencies;  

t he  R = 0 cu to f f  frequency i s  s l i g h t l y  lower than i n  Figure 1 

because (3 i s  less .  For t h i s  choice of (3, however, a crossover 

frequency appears a t  A = 0.125; a t  t h i s  frequency R = L .  The 

phase v e l o c i t y  surfaces  ind ica t e  t h a t  i n  going across  D = 0 t h e  

labels  f o r  t h e  R and L waves a r e  exchanged. With increas ing  

frequency the f a s t  R wave becomes the  slower wave. 

The case of a negative ion  and a p o s i t i v e  ion  can be con- 

t r a s t ed  wi th  t h e  case of two pos i t i ve  ions as  discussed by Smith 

and Brice [19641 and Gurnett  e t  a l .  [1%51. I n  t h e  case of  two 

p o s i t i v e  ions t h e  R wave can propagate f o r  a l l  f requencies  up t o  

t h e  e l e c t r o n  gyrofrequency; t he re  a r e  no o the r  resonances and no 

' s t o p  bands' where t h e  R wave cannot propagate (as between R = OD 

and R = 0 i n  Figures 1 and 2 ) .  Also, t h e  crossover frequency 

( f o r  which D = 0) always e x i s t s  f o r  two o r  more p o s i t i v e  ions 

and occurs between the  pos i t i ve  ion gyrofrequencies.  From 



Figures  1 and 2,  however, w e  f i n d  t h a t  t he  exis tence of  a c ross -  

over frequency depends on t h e  concentrat ion of t h e  negat ive ion and 

t h a t  if D = 0 exists,  it occurs below t h e  negat ive ion gyrofrequency 

f o r  g > g+. 

t h e  crossover frequency f o r  which D = 0 occurs when both waves 

are evanescent; a t  a frequency between R = OD and R = 0 where 

For t h e  case t h a t  g+ > g (pos i t i ve  ion  i s  heavier )  - - 

2 2 = L < O , n R  = R < O .  

For the case of 0 = 90°, t ransverse propagation, t h e  ex t ra -  

ord inary  wave can propagate f o r  frequencies from zero frequency 

(where n 

occurs between R = ~0 and R = 0. A narrow s top  band of f requencies  

OCCUTS between S = 0 and R = 0. Above R = 0 propagation i s  allowed 

up t o  the  lower hybrid resonance (near 30 A i n  Figures 1 and 2 ) .  

As can be seen from Figures 1 and 2 and from equat ion (16), t he  

exac t  frequency of these  hybrid resonances depends on t h e  negative 

ion  concentrat ion,  bu t  these  hybrid resonances always occur between 

ad jacen t  gyrofrequencies.  For the  case of two p o s i t i v e  ions 

t h e s e  t ransverse  resonances depend s i m i l a r l y  on concentrat ion of 

t h e  p o s i t i v e  ions b u t  t h e  ion-ion hybrid resonance occurs between 

t h e  L = Q) and L = 0 frequencies .  

2 2 
= X = n ) up t o  t h e  ion-ion hybrid resonance which X A 



B y  use of equations (1) t o  ( 5 ) ,  r e l a t i o n s  f o r  t h e  phase 

refractive index can be obtained for  any number of p o s i t i v e  

and negative ions .  To discover what e f f e c t  add i t iona l  negat ive 

and p o s i t i v e  ions have on the  phase r e f r a c t i v e  ind ices  a f ive  

component plasma i s  considered. Figure 3 i l l u s t r a t e s  t h e  phase 

r e f r a c t i v e  ind ices  f o r  a plasma containing e l ec t rons  and 0 - 
H e  , 0 ions wi th  the  f r a c t i o n a l  concentrat ions as given i n  t h e  

f i g u r e .  Because of t h e  two pos i t i ve  ions,  resonances occur a t  

the  p o s i t i v e  ion  gyrofrequencies and a L = 0 cu to f f  occurs 

between t h e  two gyrofrequencies.  Because of t h e  two negative ions 

and e l e c t r o n s  three resonances occur, two a t  t h e  negat ive ion  

gyrofrequencies and t h e  other  a t  the e l e c t r o n  gy-rofrequency. 

The t h r e e  negat ive components produce two R = 0 cu to f f s ,  each 

between the  adjacent  negat ive component gyrofrequencies.  wlth 

t h i s  choice of plasma components only one D = 0 frequency occurs.  

This D = 0 occurs between t h e  0- and He 

frequency f o r  which both waves are  evanescent.  For t r ansve r se  

propagat ion t h e  lower hybrid resonance and two ion-ion hybrid 

resonances occm.  These ion-ion hybrid resonances occur between 

t h e  0 gyrofrequency and t h e  R = 0 frequency j u s t  above it, and 

between t h e  0 

0-, 2 ’  
+ +  

--. 

+ 
gyrofrequency and a t  a 

- 
2 + 

gyrofrequency and t h e  L = 0 frequency j u s t  above 



it. 

As i n  t h e  t h r e e  component case,  the exac t  hybrid resonant  fre- 

quencies are determined by t h e  concentrations of a l l  t he  c o q o n e n t s  

as are t h e  cu to f f  f requencies .  

The lower hybrid frequency i s  again a t  approximately 30 A .  

I n  conclusion, it has been found t h a t  f o r  l ong i tud ina l  

propagation the  inc lus ion  of  negative ions i n  a plasma introduces 

a resonance a t  t h e  ion  gyrofrequency and a cu tof f  above t h i s  gyro- 

frequency a t  a frequency determined by t h e  concentrat ions o f  a l l  

t he  plasma components. Frequency s top  bands e x i s t  f o r  each wave 

between a gyrofrequency and the  next higher cu to f f  frequency f o r  

t h a t  wave. = R = L ( the  

r i g h t  and l e f t  c i r c u l a r l y  polar ized  waves become l i n e a r l y  

po la r i zed  and ind is t inguishable)  may occur. 

frequency occurs only when both  waves are evanescent (non-propagating) 

f o r  t h e  negat ive i o n  gyrofrequency being higher than the  p o s i t i v e  

ion  gyrofrequency of an adjacent  negative ion-posi t ive ion  p a i r  

(0- > S I + ) .  

may occur below R f o r  smal l  negative ion concentrat ions.  Resonances 

f o r  t r ansve r se  propagation a r e  concentrat ion dependent and occur 

between each ion gyrofrequency and t h e  next higher cu to f f  frequency. 

A s t o p  band f o r  t ransverse  propagation e x i s t s  between t h e  resonance 

frequency and t h i s  next higher cutoff  frequency. 

2 
I n  add i t ion  a frequency for which n 

This D = 0 crossover 

For t h e  case of R - < R, t he  D = 0 crossover frequency 

- 



. 
18 

B. Group Refract ive Index 

P lo t s  of t h e  phase r e f r ac t ive  ind ices  f o r  t h e  r i g h t  and 

l e f t  c i r c u l a r l y  polar ized  longi tudina l ly  propagating waves have 

provided i d e n t i f i c a t i o n  of t h e  p r i n c i p a l  resonance, c u t o f f ,  and 

crossover f requencies .  Experimentally t h e  quan t i ty  measured f o r  

e lectromagnet ic  waves propagating i n  a plasma is  the  group delay 

t i m e  a s  a func t ion  of frequency, t ( w ) .  

i s  def ined by  the  i n t e g r a l  

The group de lay  time 

where n (w) i s  the  group r e f r ac t ive  index. 

t h e  ionosphere over a l imited frequency range, equat ion (18) can 

For w h i s t l e r s  i n  
g 

-112 
be evaluated t o  give t h e  Eckersely d i spe r s ion  l a w ,  t ( w )  = D f  

[He l l iwe l l ,  19651, where D i s  the  d ispers ion  constant  and f the  

frequency. I n  terms of t h e  dimensionless frequency, t he  group 

r e f r a c t i v e  index i s  given by 

n = n + I \ a r \  a n  (e = 0) * 
g 

For t h e  i d e a l  co ld  plasma t h a t  has been considered, t h e  group 

r e f r a c t i v e  index i s ,  however, independent of the  propagation 

pa th .  Therefore the  group time delay f o r  a given frequency can 

be w r i t t e n  a s  

S 
g c  

t ( w )  = n - 



which i s  the  group r e f r a c t i v e  index sca led  by t h e  r a t i o  of t he  

pa th  length S t o  t h e  v e l o c i t y  o f  l i g h t  i n  a vacuum. 

Figure 4 i s  a p l o t  of A vs n f o r  two d i f f e r e n t  negat ive 
g 

ion  concentrat ions,  J3 = 0.05, 0.10. The expressions f o r  t h e  

group r e f r a c t i v e  index of t h e  three component plasma (e-, He-, H’) 

can be derived from equation (8) and (9) by using equation (19). 

For t h e  r i g h t  and l e f t  c i r c u l a r l y  polar ized  waves the  group 

r e f r a c t i v e  ind ices  a re  a s  follows: 

n 

f o r  f requencies  near t h e  ion  gyrofrequencies. From observation 

of t h e  p l o t s  o f  equations (21) and (22) i n  Figure 4 it i s  seen 

t h a t  n (L) becomes i n f i n i t e  a t  the  proton gyrofrequency. From 

equat ion  (2), then, the  group delay time becomes i n f i n i t e  and t h e  
g 
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I 

wave frequency equal t o  the  hydrogen ion  gyrofrequency never 

reaches the  de t ec to r .  Likewise the group r e f r a c t i v e  index 

( t i m e  delay) becomes i n f i n i t e  f o r  t h e  R wave a t  t he  He- gyro- 

frequency. The f ea tu re  of t h e  group r e f r a c t i v e  index d i f f e r e n t  

from t h e  phase r e f r a c t i v e  index i s  the  e f f e c t  of t he  cu tof f  

frequency. Because the  group r e f r a c t i v e  index, given by 

equat ion (19), involves the  der iva t ive  of n with r e spec t  t o  pi., 

the  group r e f r a c t i v e  index becomes i n f i n i t e  a t  a cu tof f  frequency 

(R = 0, or L = 0) a l so .  Therefore, a s  s h a m  i n  Figure 4 ,  t he  

group r e f r a c t i v e  index (time delay) f o r  t h e  r i g h t  c i r c u l a r l y  

polar ized  wave becomes i n f i n i t e  as t h e  frequency decreases down 

t o  t h e  R = 0 cutof f  frequency. 

concent ra t ion  t h e  s top  band of frequencies between the  negative 

i o n  gyrofrequency and the  cu tof f  frequency above it becomes 

l a r g e r .  

One more f e a t u r e  of t he  group r e f r a c t i v e  index i s  i l l u s t r a t e d  

by Figure 4 .  

a minimum i n  n can occur f o r  one of the  waves. This minimum i n  

the  group r e f r a c t i v e  index implies a minimum i n  the  time delay. 

We c a l l  t h i s  frequency f o r  which n 

frequency i n  analogy with the  nose frequency observed wi th  e l ec t ron  

With increas ing  negative ion  

The frequency of t he  cutoff  i s  given by equation ( 1 4 ) .  

For f requencies  below the  negative ion gyrofrequency 

g 

i s  a minimum the  'nose'  
g 



21 

1 

w h i s t l e r s  a t  high l a t i t u d e s  [ H e l l i w e l l ,  e t  a l . ,  19561. For 

= 0.05 t h e  nose occurs i n  t h e  R wave a t  t h e  frequency marked 

i n  Figure 4 .  

From Figures  1 and 2 and equat ion (17) it can be shown t h a t  

i f  a crossover frequency f o r  D = 0 e x i s t s ,  then the  nose occurs 

i n  t h e  R wave; if  no D = 0 crossover frequency e x i s t s ,  t hen  the  

nose occurs i n  t h e  L wave. Note t h a t  t he  frequency f o r  which 

the R and L wave t r a c e s  c ros s  f o r  t h e  group r e f r a c t i v e  index i s  

- not t h e  D = 0 crossover frequency. 

For f3 = 0.10 the  nose appears i n  the  L wave. 

From t h e  d iscuss ion  of Figure 3 it was learned  t h a t  t he  

inc lus ion  of add i t ion  negative ions introduced add i t iona l  

resonances a t  t h e  r e spec t ive  negative ion  gyrofrequencies and 

a d d i t i o n a l  R = 0 cutof fs  a t  frequencies determined by the  ion  

concentrat ions.  Based on t h e  Lmvledge gained f rom t.he rli scussion 

of Figure 4 and from the  pos i t ions  of the  resonances and cu to f f  

i n  Figure 3, Figure 5 i s  a sketch of t h e  group r e f r a c t i v e  index 

f o r  t h e  f ive component plasma. With th ree  negat ive components 

( e  , O2 , 0 - )  two s t o p  bands f o r  t he  R wave e x i s t  j u s t  above t h e  

nega t ive  i o n  gyroWquencies. 

s t o p  bands.  Likewise t h e  two pos i t i ve  ions cause an L wave s t o p  

band j u s t  above the  0 gyrofrequency. Above t h e  He gyrofrequency 

- - 

No R wave can propagate i n  these  

+ + 
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no L wave can propagate f o r  any frequency up t o  a L = 0 cutof f  

near t h e  e l e c t r o n  gyrofrequency. Note t h a t  a nose frequency 

must always e x i s t  f o r  R or L waves between a cu tof f  and a 

resonance frequency . 
It has been found, i n  conclusion, t h a t  t h e  group r e f r a c t i v e  

index, r e l a t e d  t o  t h e  experimentally observed group delay t i m e  

by equat ion (18), becomes i n f i n i t e  a t  t h e  p r i n c i p z l  resonances 

and c u t o f f s  f o r  l ong i tud ina l ly  propagating R and L waves. Since 

t h e  cu tof f  f requencies  a r e  concentrat ion dependent, observation 

of  t hese  cu to f f  f requencies  f o r  a l l  t h e  waves (negat ive and pos i -  

t ive  ion  w h i s t l e r s )  can be used with expressions l i k e  equation 

( 1 4 )  t o  determine the  concentrations of a l l  t h e  ions i n  t h e  

plasma. 



PART 2: Application of Theory t o  Negative Ion  
Whist lers  i n  the  Ionosphere f o r  t h e  

Determination of Negative Ion  Species  
and Concentrations 

The t h e o r e t i c a l  t reatment  o f  t h e  e f f e c t s  of negative ions 

on t h e  phase and group refractive indices  and t h e  r e s u l t i n g  

propagation c h a r a c t e r i s t i c s  of electromagnetic waves i s  now 

considered i n  app l i ca t ion  t o  negative ion  wh i s t l e r s  propagating 

i n  t h e  ionosphere. I n  p a r t i c u l a r  we want t o  e s t a b l i s h  t o  what 

ex ten t  t he  negat ive ion w h i s t l e r  propagation c h a r a c t e r i s t i c s  due 

t o  t h e  e f f e c t s  o f  negative ions discussed i n  P a r t  1 can be of 

use i n  ionospheric research.  Spec i f i ca l ly ,  t h i s  s ec t ion  

i l l u s t r a t e s  t h e  e f f e c t s  observable wi th  a rocke t  or  s a t e l l i t e  

ELF r ece ive r  i n  the ionosphere due t o  negative ions and t h a t  

t hese  negat ive ion  w h i s t l e r s  can be used t o  i d e n t i f y  negative 

i o n  spec ies  and t h e i r  r e spec t ive  concentrat ions.  

A.  Existence of Negative Ions i n  t h e  Ionosphere 

A r ecen t  paper by Whitten e t  a l .  [19651 r epor t s  t he  presence 

of a n  un iden t i f i ed  negative ion i n  t h e  D-region (50-80 KM) which 
- 

is assumed t o  be 0 

flown a Nike-Apache rocket  on which was an experiment t o  determine 

by may be 0-. Very r ecen t ly  de Mendonca has 
2 
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p o s i t i v e  and negative ion concentrations [R. A .  Hel l iwel l ,  p r iva t e  

communication, 19661. 

ava i l ab le .  I n  a review a r t i c l e  [Branscomb, 1964.1, Branscomb s t a t e s  

Results of t h i s  experiment are not ye t  

t h a t  ' t h e  r o l e  of negative ions i n  atmospheric physics i s  most 

dramat ica l ly  demonstrated by t h e  polar  cap absorpt ion even t ' .  In 

general ,  however, very f e w  experimental observations of negative 

ions i n  t h e  ionosphere have been made. Taking these  re ferences  as 

evidence t h a t  negat ive ions ex is t  i n  the ionosphere, it i s  l e f t ,  

therefore ,  t o  determine the e f f e c t s  of these  negative ions on ELF 

waves t o  produce negative ion  wh i s t l e r s  and the  information t o  be 

gained from t h e s e  negative ion wh i s t l e r s .  
- - -  - 

Branscomb [1964.1 considers t h a t  O2 , 0-,  H , C , NO2-, O3 , 
- 

OH-, H02 , and N - may be negative ions of importance i n  the 

ionosphere. Because of t h e i r  respect ive scale  heights  2nd n e u t r a l  

abundances, above 50  KM probably o n l y  0 - 

could e x i s t  i n  any s i g n i f i c a n t  concentration. Table 1 gives the  

3 

02-, OH-, 0-, and H- 3 '  

measured B(02-) values of Whitten e t  a l .  [19651 and a suggestion 

of o the r  negative ions t h a t  might e x i s t  a t  the given a l t i t u d e s .  
I 



B. Va l id i ty  of WKB Approximation 

I n  order t o  q u a n t i t a t i v e l y  apply t h e  propagation theory  

developed i n  P a r t  1 t o  the  case of t h e  ionospheric plasma, one 

must t e s t  t he  v a l i d i t y  of  t h e  WKB approximation. The condi t ion 

t h a t  t h e  WKB approximation be va l id  i s  given by 

where n i s  the  phase r e f r a c t i v e  index, h the  a l t i t u d e ,  w the  

wave frequency (sec- l )  and C t he  speed of l i g h t  i n  a vacuum. 

If t h e  condi t ion (23) i s  s a t i s f i e d  then  the  same plane wave 

s o l u t i o n  t h a t  was assumed f o r  t h e  development i n  P a r t  1 i s  a l s o  

valid f o r  treatment of propagation i n  the  ionosphere. Also, the  

l o c a l  plasma parameters can be used i n  the  co ld  plasma equations 

of  P a r t  1. If r i s  l a r g e  compared t o  1, then a f u l l  wave so lu t ion  

must be used f o r  quan t i t a t ive  r e s u l t s .  As can be seen from 

equat ion (23) ,  a small  r e f r a c t i v e  index, a low frequency, a l a r g e  

change of t h e  r e f r a c t i v e  index with a l t i t u d e ,  o r  a combination of 

t hese  f a c t o r s  could cause r 5 1. 

Calculat ions of r i n  equation (23) have been made f o r  a 

night t ime e l e c t r o n  dens i ty  p r o f i l e  shown i n  Figure 7. This night-  

t i m e  p r o f i l e  provides the  l a r g e s t  poss ib le  changes of  n wi th  
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a l t i t u d e  below 300 KM s ince  the  daytime p r o f i l e  tends t o  be f i l l e d  

i n  smoothly between 100 and 300 KN. Assuming a wave frequency 

of 20 cps and t h e  presence of t h e  O2 

150 KM and 0.18 a t  250 KM. 

350 KM r = 0.009 ( see  Table 1). 

t h e  proton wh i s t l e r  a t  600 KM r = 0.009 and t h e  WKB approximation 

appears t o  be v a l i d  f o r  t h i s  case s ince  t h e  q u a n t i t a t i v e  r e s u l t s  

of concent ra t ion  and temperatures from proton w h i s t l e r s  agree 

w e l l  w i th  o the r  experimental methods (see re ferences  given i n  

In t roduc t ion )  . 
300 KM a t  n ight  t h e  WKB approximation i s  v a l i d  without quest ion;  

below 300 KM it may be t h a t  quan t i t a t ive  measurements wi th  nega- 

t ive  ion  w h i s t l e r s  may not be s t r i c t l y  val id .  As the  e l e c t r o n  

d e n s i t y  p r o f i l e  begins t o  f i l l  i n  during t h e  daytime, quan t i t i ve  

measurements should be good t o  approximately 150 KM. 

- 
ion,  r i s  equal  t o  0.35 a t  

For a frequency of 45 cps and 0- a t  

I n  a l l  t h r e e  cases  r < 1. For 

It appears therefore  t h a t  down t o  approximately 

C .  E f fec t s  of  Col l i s ions  

I n  t h e  ionosphere the  e f f e c t  of neut ra l - ion  and ion-ion 

c o l l i s i o n s  can cause c o l l i s i o n a l  damping of t h e  propagating 

negat ive  ion  w h i s t l e r s  and can a f f e c t  t h e  q u a n t i t a t i v e  results 

der ived  i n  P a r t  1. S t i x  E19621 has shown t h a t  t h e  e f f e c t s  of 
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c o l l i s i o n s  can be included i n  t h e  equations (1) t o  (5) through 

the  phenomenological c o l l i s i o n  frequency v by s u b s t i t u t i o n  of 

% (1 + iw/vk) f o r  

and vk i s  t h e  c o l l i s i o n  frequency f o r  t h e  k s p e c i e .  According 

t o  Nicolet  [19531 and Sachs [I9651 t h e  ion  and e l e c t r o n  c o l l i s i o n  

frequencies  are approximately r e l a t e d  by v 

m and v a r e  t h e  e l e c t r o n  mass and c o l l i s i o n  frequency, 

r e spec t ive ly .  Using the  s u b s t i t u t i o n  suggested by S t i x  and t h e  

t h  where % i s  t h e  mass of t h e  k specie ,  

t h  

= be/%)v: where k 

e e 

c o l l i s i o n  frequency r e l a t i o n  i n  equation (1) spec ia l i zed  t o  

t h r e e  components, we ob ta in  f o r  the r e a l  p a r t  o f  t h e  R wave 

phase r e f r a c t i v e  index 

7 
- ( l + A )  (19) 

(A2 + Z2/1836 + 2A + 1) 

= 1, and Z = v / Q  where A = w/Q1, g+ 

Figure 6 is  a p l o t  of equation (24) f o r  g 

e 1 '  

= 4 and f o r  

It can be  seen f o r  Z2 = 10 t h a t  t he  resonant  

- 
Ir' = 1, and 10. 

frequency is  s h i f t e d  t o  a lower frequency and t h a t  no cu to f f  

frequency e x i s t s .  For f = 1, however, t h e  resonant frequency 
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i s  only s l i g h t l y  s h i f t e d  and a cutoff  frequency s t i l l  e x i s t s .  

We conclude f r o m  Figure 6, therefore ,  t h a t  f o r  values of Z 

the  r e s u l t s  obtained i n  Pa r t  1 neglect ing c o l l i s i o n s  a re  

e s s e n t i a l l y  co r rec t .  I n  Table 1 are given values of R f o r  mid 

l a t i t u d e s  and of measured and ca lcu la ted  values of v from 

He l l iwe l l  [19651. Values of Z? are l i s t e d  f o r  each a l t i t u d e .  

A t  150 KM and above, 2 < 1 so t h a t  t h e  e f f e c t s  of c o l l i s i o n s  

can be  neglected above 150 KM. The resonances and cu to f f s  occur 

a s  descr ibed i n  P a r t  1. 

2 
< 1, 

1 

e 

D. Sample Spectrograms with Negative I o n  Effec ts  

It has been shown t h a t  above approximately 150 XM 

during t h e  daytime and 500 KM during the  nighttime the  propa- 

g a t i o n  c h a r a c t e r i s t i c  developed f o r  an i d e a l  cold,  homogeneous 

plasma wi th  a uniform, s t a t i c  magnetic f i e l d  can be appl ied 

t o  t h e  ionospheric plasma. Figures 4 and 5 were suggestive 

of frequency-time whi s t l e r  spectrograms t h a t  would be observed 

i n  t h e  i d e a l  plasma. I n  the  ionosphere the  magnetic f i e l d  

and i o n  concentrat ions change w i t h  a l t i t u d e  and l a t i t u d e  so 

t h a t ,  f o r  a given wave frequency w, A changes with a l t i t u d e  

and l a t i t u d e  as does t h e  plasma frequency. To determine 

the  type  of frequency-time whis t le r  spectrogram t h a t  we 

might expect t o  observe experimentally we use the  model 
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ionosphere shown i n  the  top of Figure 7. The e l e c t r o n  densi ty  

p r o f i l e  i s  t y p i c a l  f o r  nighttime. 

t o  be cons is ten t  with Figures 1 and 2,but t he  He ion  cannot e x i s t  

A He- negative ion  i s  assumed, 
- 

i n  t h e  ionosphere i n  i t s  ground s t a t e .  For i l l u s t r a t i o n ,  

t he  p o s i t i v e  ion  i s  taken a s  H with a concentrat ion given by 

n(H+) = ne(l+B).  The @(He-) p r o f i l e  i s  designed t o  have a maximum 

of 0.1. Equations (U), (14), (15), and (17) a r e  used t o  compute 

the  c r i t i c a l  frequencies L = 03, R = 0, R = m: and D = 0 as  the  

+ 

magnetic f i e l d  and f3 change with a l t i t u d e .  A p l o t  of these  

frequencies  i s  shown i n  t h e  bottom of Figure 7. 

I n  Figure 7 the  regions with pos i t i ve  s loping l i n e s  

are regions where r i g h t  c i r c u l a r l y  polar ized  ( R )  waves can 

propagate.  The negative s lop ing  l i nes  ind ica t e  regions of l e f t  

c i r c u l a r  po lar ized  (L) wave ;yopagation (0 = 01. From 

the  p r i n c i p a l  frequency diagram of Figure 7 and the  f e e l i n g  f o r  

t h e  group r e f r a c t i v e  index from Figure 4 and Figure 5 we can pick 

an a l t i t u d e  and sketch a frequency-time spectrogram by  roughly 

i n t e g r a t i n g  equation (18) . Sketched frequency-time spectrograms 

of w h i s t l e r s  i n i t i a t e d  by  a l i gh tn ing  impulse a t  t h e  base of the  

ionosphere a r e  shown i n  Figure 8 for  t h ree  d i f f e r e n t  a l t i t u d e s  

f o r  bo th  an i n i t i a l  R wave and an i n i t i a l  L wave. 



For example, we cons t ruc t  the  wh i s t l e r  spectrogram a t  

For all f r e q u e w i e s  above a l t i t u d e  A f o r  an i n i t i a l  R wave. 

R = 0 (220 cps)  the  R wave can propagate. 

decreasing t o  220 cps the  time delay becomes i n f i n i t e .  

Frequencies between R = 0 and the  maximum frequency f o r  which 

D = 0 (200 cps) never reach the  s a t e l l i t e  or  rocket  a t  a l t i t u d e  

A because they  run  i n t o  R = 0 and the delay times become i n f i n i t e  

a s  shown i n  Figure 8. 

and the  D = 0 crossover frequency a t  a l t i t u d e  b a l l  pass  through 

D = 0 and change from r i g h t  t o  l e f t  c i r c u l a r l y  polar ized  (L)  

waves. These L wave delay t imes become shor t e r  than the  R wave 

de lay  times would be f o r  frequencies c lose  t o  t h e  R = 0 frequency 

s ince  t h e  L wave i s  f a s t e r .  Below the  crossover frequency f o r  

D = 0 a t  a l t i t u d e  A the  wave i s  r i g h t  c i r c u l a r i f  po lar ized .  

Since t h e  wave po la r i za t ion  changes a t  D = 0, t h e  observed t r a c e s  

above and below D = 0 a r e  markedly d i f f e r e n t .  

For f requencies  

Frequencies between D = 0 MAX (200 cps) 

For the  l a s t  example, the  spectrogram a t  a l t i t u d e  C f o r  an 

i n i t i a l  l e f t  c i r c u l a r l y  polar ized wave i s  constructed a t  shown i n  

Figure 8. Above t h e  maximum crossover frequency f o r  which D = 0, the  

L wave can propagate but  i s  resonant a t  t h e  hydrogen ion (proton) gyro- 

frequency. Between the  frequency o f  D= 0 MAX and R =a (He- gyrofrequency) 



a t  a l t i t u d e  C t he  wave has changed po la r i za t ion  i n  passing the  

a l t i t u d e  f o r  which D = 0 and i s  absorbed a t  the  He 

along t h e  pa th .  Between the  He gyrofrequency and the  crossover 

frequency, po la r i za t ion  of t h e  wave i s  r i g h t  c i r c u l a r  which has 

increas ing  time delay f o r  frequencies approaching R = 0 3 .  Below 

D = 0 the  po la r i za t ion  is  changed t o  l e f t  c i r c u l a r .  These spec t ro-  

grams i n  Figure 8 a r e  representa t ive  of t he  type of wh i s t l e r  

spectrograms t h a t  could be observed i f  negative ions e x i s t  i n  

the  ionosphere above 150 KM. 

- 
gyrofrequency 

- 

We now reverse  the  procedure and s tudy these  sample 

w h i s t l e r  spectrograms t o  f i n d  out  what information about negative 

and pos i t i ve  ions can be obtained with experimentally observed 

spectrograms such a s  these .  An idea l  ELF rece iver  f o r  t h i s  

experiment would have a frequency response between a few cps and 

1000 cps f o r  t h r e e  orthogonal magnetic loop antennas and th ree  

orthogonal e l e c t r i c  dipole  antennas. This frequency response 

covers t h e  ion  gyrofrequencies i n  t h e  negat ive ion  region of t he  

ionosphere and the  orthogonal antennas allow po la r i za t ion  measure 

ments t o  be made. A t h r e e  ax i s  magnetometer would be needed t o  

determine t h e  geomagnetic f i e l d  vector.  The magnetic r ece ive r s  

a r e  b e s t  f o r  observation of the  resonances a t  the  gyrofrequencies 
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s ince  t h e  magnetic f i e l d s  of the  waves become l a rge .  

rece ivers  a re  b e t t e r  f o r  observation of the  cu to f f s  and hybrid 

resonances s ince  the  e l e c t r i c  f i e l d s  become l a rge .  

spectrograms would contain information on ion  spec ies ,  i on  

concentrat ion,  and ion  temperature. For example, consider again 

the spectrogram i n  Figure 8 f o r  an i n i t i a l  R wave a t  a l t i t u d e  A. 

F i r s t  it can be determined immediately t h a t  negative ions a r e  

present  a t  a l t i t u d e  A s ince  the e lec t ron  w h i s t l e r  t r a c e  ( R )  has 

a nea r ly  i n f i n i t e  delay time a t  approximately 200 cps.  With no 

negat ive ions t h i s  t r a c e  would go t o  zero  frequency and have no 

i n f i n i t e  t i m e  delays.  Once it i s  e s t ab l i shed  t h a t ,  below t h e  

maximum crossover frequency D = OMAX, p a r t  of the  wave i s  an L wave, 

the  negat ive ion  can be i d e n t i f i e d  s ince ,  a t  the  base of t he  

ionosphere, D = 0 MAX (hpper frequency where L wave s tops )  and 

the  negative ion  gyrofrequency are  co inc ident .  This gyrofrequency 

i d e n t i f i e s  the  charge t o  mass r a t i o  of the  negat ive ion .  Measure- 

ment of t h e  R = 0 cutof f  frequency (asymptotic t o  the  e l ec t ron  

w h i s t l e r  t r a c e )  and t h e  D = 0 frequency (d i scon t inu i ty  i n  the  

But, the  e l e c t r i c  

The r e s u l t i n g  

t r a c e s  a t  approximately 100 cps) with knowledge of  t h e  negative 

ion  charge t o  mass r a t i o  can give t h e  pos i t i ve  ion charge t o  mass 

r a t i o  and t h e  concentrat ions o f  the negative and p o s i t i v e  ion with 



33 

r e spec t  t o  t h e  e l ec t ron  concentrat ion.  

plasma t h i s  determination of f3 and the p o s i t i v e  ion charge t o  

mass r a t i o  (g,) can be made by solving t h e  more general ized 

forms of  equations ( 1 4 )  and (17); two unknowns and two equations 

For the  three component 

e x i s t .  

be  t r e a t e d  t o  e x t r a c t  information about negat ive and p o s i t i v e  ions 

using t h e  theory  developed i n  P a r t  1. 

can be made t o  include more negative and p o s i t i v e  ions .  The 

spectrograms w i l l  conta in  more resonances, cu tof fs ,  and crossover 

f requencies  t o  supply t h e  information necessary t o  iden i fy  the  

ions and t h e i r  concentrat ions.  Information about t h e  negat ive 

ion temperature might be obtainable  from cyclo t ron  damping of  

t he  negat ive ion w h i s t l e r  ( R  wave) near  t he  resonance i n  t h e  

manner used by Gurnett  and Br ice  E19661 f o r  t he  proton wh i s t l e r .  

A t  low a l t i t u d e s ,  however, c o l l i s i o n a l  damping may dominate i n  

which case it would be poss ib l e  t o  determine the  ion  c o l l i s i o n  

frequency, bu t  not t h e  temperature. 

Likewise the  o the r  sample wh i s t l e r  spectrograms can 

Extension of t h e  theory  

It has been shown t h a t  experimentally observed ELF 

w h i s t l e r  spectrograms represented by those i n  Figure 8 can be 

used w i t h  the  t h e o r e t i c a l  development i n  Pa r t  1 [equat ions (1) t o  

(5)  and (13) t o  (l")] t o  determine t h e  negat ive and p o s i t i v e  ion 

spec ie s  and t h e i r  concentrat ions with respec t  t o  t h e  e l e c t r o n  

d e n s i t y  a t  t h e  a l t i t u d e  of observation with a rocke t  or s a t e l l i t e .  
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CONCLUSIONS 

P a r t  1: Theory of Cold Plasma Propagation Including Negative Ions 

Propagation c h a r a c t e r i s t i c s  f o r  electromagnetic waves 

have been t r e a t e d  f o r  t h e  case of a co ld  homogeneous m u l t i -  

component plasma immersed i n  a s t a t i c ,  uniform magnetic f i e l d .  

Consideration was  given t o  both the phase and t h e  group r e f r a c t i v e  

index when negative ions were included w i t h  t h e  following conclusions: 

(1) A resonance occurs f o r  t h e  r i g h t  c i r c u l a r l y  polar ized  

(R) wave a t  t h e  gyrofrequency f o r  each of t he  negative 

ions and f o r  l ong i tud ina l  propagating waves (0 = 0) .  

(2) An R wave (0 = 0) cannot propagate f o r  f requencies  

between the  negative ion gy-rcfrequency (R = a) and t h e  

cutoff frequency ( R  = 0) above t h i s  gyrofrequency. 

width of t h i s  s top  band i s  dependent on t h e  concentrations 

of a l l  t h e  components i n  the plasma and increases  as  t he  

negative ion  concentration inc reases .  

For the case t h a t  negative and p o s i t i v e  ions e x i s t  i n  t h e  

plasma and t h a t  a t  l e a s t  one negative ion  i s  heavier 

than  a p o s i t i v e  ion, a frequency D(A) = 0 may e x i s t .  

The 

( 3 )  



35 

A t  t h i s  crossover f r e q u e n c y t h e  r-ght and l e f t  c i r c u l a r l y  

polar ized  waves (e = 0) become l i n e a r l y  polar ized .  A s  

t h e  negative ion concentration increases  t h e  crossover 

frequency may become non-existent. 

For t ransverse  propagation (e  = 90" )  hybrid resonances 

OCCUT between a negative ion gyrofrequency and an R wave 

cu tof f  frequency. This resonance frequency depends on the  

ion  concentrations a s  does the lower hybrid resonance above 

t h e  h ighes t  ion  gyrofrequency but below t h e  e l e c t r o n  gyro- 

frequency. 

The i n t e g r a l  of t h e  group r e f r a c t i v e  index along t h e  r a y  

pa th  g ives  t h e  experimentally observed w h i s t l e r  delay 

time t ( A ) .  

a t  t h e  negative ion gyrofrequency and a t  t h e  R wave cu tof f  

frequency. 

evanescent (non-propagating) and i s  not observable. 

(4.) 

(5) 

This groLip r e f r a c t i v e  index becomes i n f i n i t e  

Between these  two frequencies the  wave i s  
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P a r t  2: Applicat ion of Theory t o  Negative Ion Whist lers  i n  t h e  
Ionosphere f o r  t h e  Determination of  Negative Ion  Species 
and Cone en t r a  t i o  ns 

(1) To apply the  negative ion w h i s t l e r  theory of P a r t  1 

q u a n t i t a t i v e l y  t o  t h e  ionospheric plasma the  WKB approxi- 

mation must be v a l i d .  A t  nighttime because o f  l a r g e  

e l e c t r o n  dens i ty  grad ien ts  t he  approximation appears t o  be 

good above 300 KM; during the daytime above 150 KM because 

the g rad ien t s  become smaller.  

( 2 )  E f f e c t s  of  c o l l i s i o n s  can be neglected above 150 KM during 

both daytime and nighttime. 

( 3 )  If negative ions e x i s t  i n  a s i g n i f i c a n t  concent ra t ion  above 

300 KM during t h e  nighttime o r  above 150 KM during t h e  

daytime, e f f e c t s  on r i g h t  c l r c - d a r l j r  p d a r i z e d  ELF wives 

would be observable. Above these  a l t i t u d e s  q u a n t i t a t i v e  

measurements of experimental negative ion  w h i s t l e r  frequency- 

t i m e  spectrographs can give information on negative ion  

spec ie  and concentration when used wi th  the  equations 

developed i n  P a r t  1. 
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TABU3 1 

LOWER IONOSPHERE DATA 

r Posi t ive 

I o r g  c m  
-1 R1 

sec 

3 5.5 x 10 

-1 
L, sec 
e 

wKl3 
V a l i d i t y  

Negative 
Ions 

3 (02-, = 102 a 1 x 10 a 3 x 10 

3 5.4. x 10 5 1 x 10 2 3 x 10 

- 
32 a t  20 cps 

0.35 
3 5.3 x 10 5 3 x 10 [O-, OH-] 0.3 

3 5.3 x 10 2 4 x 10 5.7 10-3 

- 
O2 a t  cps 

0.18 

4 O+ 8 x 10 

He 5 x 10 + 3 
5.2 x i o  3 

O+ 3 lo5 
4. He+ 7 x 10 

I 

5.14 x 10' 2 7 x 10 10-3 

O+ 3 105 0- a t  4.5 cps 

0.009 

3 5 . 1  x i o  4. He+ 9 x 10 

3 5.0 x io 2 6 x 10 10-3 4. He' 1 x 10 
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Negative 
Ions  

TABLE 1 (CONT'D) 

r 
W K B  

Val id i ty  
Alt. 

KM 

4 50 

5 00 

550 

Pos it ive 
Ions 
cm-3 

O+ 1 105 
4 

He+  1 x 10 

3 H+ 3 x 10  

4 
0' 6 x 10 

He+ 2 x 10 

H + 5 x 1 0  

4. 

3 

4 

4. He+ 2 x 10 

H + 6 x lo3 

o+ 3 x 10 

-1 sec 

3 4..9 x 10 

3 4..85 x 10 

-1 
v see 

e 

2 5 x 10 

,. 

lo-* 
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FIGURE CAPTIONS 

Figure 1. Phase r e f r a c t i v e  index squared vs frequency f o r  a 
- - +  

plasma containing e , He , H wi th  a negat ive ion 

f r a c t i o n a l  concentrat ion of f3 = 0.10. 

Figure 2.  Phase r e f r a c t i v e  index squared vs frequency f o r  a 
- - +  

plasma containing e , He , H with a negat ive ion  con- 

cen t r a t ion  of B = 0.05. 

Figure 3. Phase r e f r a c t i v e  index squared vs  frequency f o r  a 
- - +  + 

plasma containing e , 0-, O2 , 0 , He . 
Figure 4.. Group r e f r a c t i v e  index vs frequency f o r  a plasma 

- +  
containing e-, He , H w i t h  f3 = 0.05, f3 = 0.10. 

Figure 5. Sketched group r e f r a c t i v e  index vs frequency f o r  a 
- -  - +  + 

plasma containing e , 0 , O2 , 0 , He . 
Figure 6. Ef fec t  of c o l l i s i o n s  on t h e  phase r e f r a c t i v e  lildeii 

squared vs  frequency a t  a resonance and a cu to f f  f o r  

if = 1, 10, z = V e / Q 1  * 

- +  
Figure 7. A model ionosphere of e-, He , H and a p l o t  of  t h e  

c r i t i c a l  frequencies against  a l t i t u d e  f o r  l ong i tud ina l  

propagation. 



Figure 8. Sketches of frequency-time spectrograms f o r  an 
- - +  

ionospheric plasma of e , L: , H a t  t h r e e  d i f f e r e n t  

a l t i t u d e s  and f o r  both an i n i t i a l  r i g h t  c i r c u l a r l y  

polar ized  and l e f t  c i r c u l a r l y  polar ized  wave. 
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